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Abstract—The commercial greenhouses can provide energy 
flexibility with the artificial lighting usage. Therefore, the 
commercial greenhouse growers can potentially play an 
important role in the electricity market as providers of flexibility 
services with the technology and software readiness.  
This paper takes Danish commercial growers and the Nordic 
regulating market as an example, to investigate the market 
potential with two business models. One business model is that 
commercial greenhouse growers directly participate in the 
regulating market. Another model is rescuing the BRPs’ (Balance 
Responsible Parties) imbalance error. Two calculations are 
formulated to evaluate the monetary benefits for the commercial 
greenhouse growers’ participation in both business models. The 
positive results indicate potential and benefits for the Danish 
commercial greenhouse growers’ participation in the electricity 
market.  
Keywords—energy flexibility, commercial greenhouse growers, 
electricity regulating market, market potential, monetary benefit 
I.  INTRODUCTION 
Energy efficiency is more and more important and urgent 
for industries due to the global climate change and energy 
demand. For instance, there is high electricity prices, high 
taxation, and high demand of energy efficiency in Denmark 
due to the Danish legalisation and national energy plans.  
In the Northern countries Commercial Greenhouse Growers 
with protected plant production rely on the use of artificial 
lighting. The commercial greenhouse growers are an important 
industrial consumer in the Electricity business ecosystem due 
to their large electricity consumption.  
According to Danmarks Statistik, there are 545 
Commercial Greenhouse Growers in Denmark (Bedrifter med 
væksthuse[1]), which consume 0.8% of the national electricity 
consumption. In 2014 the commercial greenhouse growers had 
a total electricity consumption of 230 GWH (831 thousand 
gigajoule, shown in Table 1) [2]. The increasing energy costs 
for heating and supplementary lighting have bankrupt many 
growers in since 2010 causing an urgent need for remaining 
growers to reduce the energy consumption while preserving 
production quality.  
The EUDP and GUDP funded research project (‘Smart 
Grid Ready Energy Efficient Lighting System for Green House 
Horticulture’) shows, that the production of plants in 
commercial greenhouses is very flexible with respect to the use 
of artificial lighting. This implies that commercial greenhouses 
can potentially play an important role in the future Danish 
energy sector as providers of flexibility services.  
With the technology and software readiness, the 
commercial growers can increase the energy efficiency, and 
have a potential to participate in the energy market by 
providing energy flexibility. Especially, compared to the 
residential electricity users, the industrial consumers have more 
monetary flexibility in the electricity market due to the 
structure of the electricity price (shown in Figure 1). 
Therefore, this paper aims to investigate the potential of the 
commercial growers in the Nordic electricity regulating market 
and the monetary benefits by offering energy flexibility in the 
up-regulating market.  
Using the energy efficiency and flexibility results 
achievable by a greenhouse climate control software, this paper 
evaluates the market potential for two types of flexibility 
offerings in the Nordic up-regulation market. 
There are four parts in the paper to understand 1) the 
electricity market, where the commercial greenhouse growers 
can participate, 2) the roles of the commercial greenhouse 
growers in the electricity market, 3) the greenhouse climate 
control software that can increase the greenhouse energy 
efficiency and provide the greenhouses’ energy flexibility, 4) 
the potential and monetary benefits for the commercial 
greenhouse growers to participate in the electricity up-
regulating market with two business models. Two calculations 
are introduced to demonstrate the monetary potentials for the 
Danish commercial growers to provide the energy flexibility 
into the Nordic electricity up-regulating market. 
 
 
 
TABLE I.  ENERGY CONSUMPTION FOR THE DANISH COMMERCIAL 
GREENHOUSE GROWERS [2] 
Fig. 1. The structure of the electricity price in Denmark [3] 
II. THE ELECTRICITY MARKET 
The Danish electricity market is comprised of a wholesale 
market and a retail market. 
A. The Wholesale Market 
The Danish wholesale market is an integral part of the free 
Nordic electricity market. The wholesale market trades via the 
power exchange Nord Pool, which facilitates trade between 
producers and traders [4]. The structure of the wholesale 
market is shown in Figure 2. 
Fig. 2. The Nordic market structure [5]  
The Nord Pool market is owned by the transmission system 
operators (TSOs) in the Nordic countries. There are two 
electricity market places in the Nord Pool power exchange, 
namely Elspot (Day-ahead) and Elbas (Intra-day), and a 
regulating power market [4]. 
B. Reservation Markets 
The reservation market is a supplement to the regulating 
market. Resources can receive a payment for being present in 
the regulating power market. Electricity production and 
consumption always has to be in balance, and after the close of 
the Elbas market, 45 minutes before the operating hour, the 
task of balancing the two is left to Energinet.dk. It maintains 
this balance via the regulating power market and other markets 
for automatic reserves. 
Reserve capacity is production capacity or consumption 
offered in advance by the balance responsible parties to 
Energinet.dk's disposal in return for an availability 
payment. Energinet.dk buys various types of reserve capacity 
and these types of capacity differ with respect to response rate 
etc. The term "ancillary service" is a general term for the 
reserve capacity bought by Energinet.dk in order to ensure 
a reliable and efficient operation of the electricity system [6]. 
C. Regulating Power Market 
The Nordic regulation market differs from the markets at 
Nord Pool. The Nord Pool markets are organised as a common 
market place with common member agreements and bidding 
rules. The Nordic regulation market (or regulation list) on the 
other hand is a compilation of bids given to the national 
balancing market places i.e. TSOs under rules and agreements 
set by the TSOs. This can make monitoring of the market more 
complex. The Nordic regulation market has some Nordic rules 
given in the Nordic system agreement, but the rules for bidding 
and payments are primarily given in the national balancing 
markets, and they may differ [7]. 
In the Nordic countries there is a common regulating power 
market managed by the TSOs with a common merit order 
bidding list. The balance responsible parties (for load or 
production) make bids consisting of amount (MW) and price 
(DKK/MWh). All bids for delivering regulating power are 
collected in the common Nordic NOIS-list and are sorted in a 
list with increasing prices for up-regulation (above spot price) 
and decreasing prices for down-regulation (below spot price). 
These bids can be submitted, adjusted, or removed until 45 
minutes before the operation hour. In Denmark the minimum 
bid size is 10MW and the maximum is 50 MW. The Elspot 
price, meanwhile, represents the minimum price for up 
regulating power bids and the maximum price for down 
regulating power bids. Taking into consideration the potential 
congestions in the transmission system, the TSO manages the 
activation of the cheapest regulating power. 
The Regulating power market is where production capacity 
or consumption is offered by the market players to 
Energinet.dk (TSO) during the actual day of 
operation. Through their respective BRPs, producers submit 
bids for increased production (upward regulation) or reduced 
production (downward regulation) to the common Nordic 
regulating power market (shown in Table 3). It is up to the 
individual players if and when they choose to be active on the 
 2002 2005 2008 2011 2014 
TotalEnergy comsumption 
(1.000 GJ) 
8 169 7 545 6 481 5 266 4 048 
Heating in Greenhouses (1.000 
GJ) 
7 370 6 648 5 678 4 468 3 217 
Electricity (1.000 GJ) 800 897 803 798 831 
No. of Farms with greenhouses 933 
 
759 803 663 545 
Greenhouse area (1.000 m2) 4 909 4 722 4 487 4 452 4 239 
 
 
 
regulating power market, given they have not concluded an 
agreement about reserve capacity with Energinet.dk [8]. 
The balance responsible forwards bids for upward and 
downward regulation, stating the volume offered in MW and 
the price of activating the power DKK/MWh. The regulation 
power market levels the imbalance (transfer capacity is 
allocated concurrently with electricity being traded) that might 
occur in the day-ahead and intraday markets [6]. 
TABLE II.  DEFINITION OF UP AND DOWN REGULATION 
 Generation Demand 
Up-regulation Increase  Reduce 
Down-regulation Reduce Increase 
 
III. THE ROLE OF COMMERCIAL GREENHOUSE GROWERS IN THE 
DANISH ELECTRICITY MARKET 
As a retail department of a Commercial Greenhouse 
Grower states: 
 “Our total electricity consumption is approximately 
9000 MWh/year (shown in Table 3) – Our maximum 
consumption pr. hour (all artificial light in use) is 4,8 MW 
(shown in Figure 3). In spring and summer we spend about 2-3 
MWh on artificial lighting and 0-8 MWh in heat pumps during 
the night.” (Energy project manager and production planner, 
Kai Lønne, from Knud Jepsen A/S - Queen). 
TABLE III.  THE AVERAGE MONTHLY CONSUMPTION OF A COMMERCIAL 
GREENHOUSE GROWER 
Due to the big amount of electricity consumption 
Commercial Greenhouse Growers have two options by which 
to purchase electricity: 1) from an electricity retailer or 2) on 
the Nord Pool market via a BRP.  
If the Commercial Greenhouse Growers have their own 
electricity production, e.g. CHP (Combined Heat and Power 
plant) they can evaluate the plant growth plan, electricity price, 
and self-electricity generation, to decide whether they should 
buy electricity or sell their self-generated electricity 3) on Nord 
Pool market via a BRP or 4) as ancillary services to 
Energinet.dk via a BRP. 
 
 
 
 
Fig. 3. Example of A Commercial Greenhouse Growers’ Weekly 
Consumption 
IV. THE GREENHOUSE CLIMATE CONTROL SOFTWARE 
The software used in this paper is named DynaLight NG [9, 
10] [ref]. It is a next generation climate control software that 
optimizes the greenhouse climate based on weather forecasts, 
electricity prices, plant physiological models, and production 
goals. The optimization goal of the software is to find a trade-
off between energy cost-efficient greenhouse operation and 
optimal use of supplemental lighting to increase plant growth. 
The software optimizes the use of supplemental artificial 
lighting over a period of three days. The electricity prices used 
by the simulation are composed by the actual hourly Nord Pool 
spot prices for the forthcoming day, and a prognosis for hourly 
prices for the following two days. DynaLight NG provides 
optimized control strategies for heating, CO2, window screens, 
ventilation, and artificial lighting.  The advanced control 
strategies are based on software plug-in components and can 
thereby be configured for specific production settings and plant 
species. The software is configured through its graphical user 
interface that offers functionality for setting up control 
strategies for individual greenhouse departments and graphs for 
viewing the actual greenhouse climate. The output of the 
control strategies is optimized using advanced artificial 
intelligence algorithms to guarantee an optimal trade-off 
between the multiple control objectives.  
The software works as an add-on to existing climate 
computers based on a well-defined Hardware Abstraction 
Layer (HAL).  The HAL makes is easy to integrate with 
existing climate controllers to support the future of advanced 
supervisory control and data acquisition systems. The HAL 
provides a general application programmer interface to map 
sensor inputs and actuator output to specific third party climate 
controllers. Currently, DynaLight NG integrates with state of 
the art climate computers from the Danish company Senmatic 
and the Dutch company PRIVA. 
The demonstration at one of the biggest Commercial 
Greenhouse Growers in Denmark - Knud Jepsen A/S - Queen 
Jan Feb Mar Apr May Jun 
1,775.402 1,322.113 638.722 358.339 196.925 116.843 
Jul Aug Sep Oct Nov Dec 
93.130 138.762 240.152 840.889 1,522.265 1,747.793 
(Unit: MWh, provided by Knud Jepsen A/S - Queen) 
 
      
(http://www.queen.dk/) shows that, by using DynaLight NG, 
Knud Jepsen A/S - Queen achieved 25% electricity savings 
with no negative effect on plant quality or production time. 
The Commercial Greenhouse Growers in Denmark are able 
to save 25% of their electricity consumption per year – 
corresponding to a value of 35.7 million DKK (for the 
Commercial Greenhouse Growers in Denmark as a whole) by 
using DynaLight NG. 
V. MARKET POTENTIAL AND MONETARY BENEFITS TO THE 
GROWERS’ PARTICIPATION 
There are two motivations for the commercial greenhouse 
growers to in participate the electricity up-regulating market: 
A. Direct participation in the up-regulating market 
The Commercial Greenhouse Growers can participate in 
the regulating market by selling the ancillary service to 
energinet.dk (the Danish TSO) through a BRP (illustrated in 
Figure 4) [11]. Energinet.dk buys primary reserves at daily 
auctions and buys the secondary reserve on a monthly basis. 
Bids are invited for all reserves as up-regulating reserves and 
down-regulating reserves [12]. Energinet.dk (TSO) activates 
the market and accepts the bids from the BRPs. BRPs receive 
activation payment and availability payment from the TSOs, 
and then BRPs pay the Commercial Greenhouse Growers. 
This paper tries to calculate how much monetary benefit a 
big commercial greenhouse grower can get by participating in 
the electricity up-regulating market (please see the section of 
‘Calculation 1: one Commercial Greenhouse Growers’ 
flexibility’ for the details). The formulation is: 
Flexibility value = Flexibility of Commercial Greenhouse 
Growers x An extremely high up-regulating market price x 
Periods of extreme high prices in a month 
The calculation result shows, by using the software 
DynaLight NG, one big Commercial Greenhouse Grower 
might get around 55,000 DKK/month by providing its 
electricity flexibility to the up-regulating market in winter.   
Fig. 4. Selling ancillary services to Energinet.dk (TSO) 
B. BRPs’ compensation   
BRPs (Balance Responsible Parties) are financially 
responsible for the imbalance in the electricity wholesale 
market. Once an imbalance occurs, BRPs have to pay for its 
prediction errors. In order to avoid/reduce the cost of 
imbalance, BRPs could contact their industrial customers, 
which have high electricity consumption and which can 
provide flexibility at the same time, to remedy the “imbalance” 
status in real time.  
Commercial Greenhouse Growers are one of the largest 
electricity users in Denmark. Therefore, once an imbalance 
happens, BRPs can obtain the information of the Commercial 
Greenhouse Growers’ flexibility via DynaLight NG and 
request some Commercial Greenhouse Growers to sell their 
electricity flexibility to BRPs for reducing/avoiding the 
imbalance.  
The Commercial Greenhouse Growers in Denmark use 
large amounts of artificial lighting during the winter season 
(e.g. November, December, January, and February).   
This paper tries to calculate the total monitory contribution 
of the whole Danish commercial greenhouse growers to the 
Danish electricity up-regulating market  (please see the section 
‘Calculation 2: one Commercial Greenhouse Growers’ 
flexibility’ for the detail). The formulation is: 
Monthly flexibility value by Commercial Greenhouse 
Growers = monthly market monetary value x ((the hourly 
electricity consumption for artificial lighting in the winter for 
the Commercial Greenhouse Growers x monthly flexibility 
hours) / Market electricity volume) 
The calculation in the paper shows that the whole Danish 
Commercial Greenhouse Grower sector can provide electricity 
flexibility of around 1.6 million DKK/month to the up-
regulating market in winter. 
VI. CALCULATION OF ENERGY FLEXIBILITY AND VALUE  
Assumption for calculation 1 and 2: 
• The calculation is based on the “read-time regulating 
power market” data for December, 2015 (source from 
Energinet.dk [13]) 
• The calculation is only based on the “up-regulating 
power market” data for DK West and DK East 
• When the imbalance error happens in the up-regulating 
power market with an extreme high price, BRPs can 
inform a Commercial Greenhouse Grower to stop 
consuming electricity in this hour  
• Only when the market price (B) is higher than 200 
DKK/MWh is defined as the “extreme high price”.  
• The electricity consumption of a big Commercial 
Greenhouse Grower is approximately 9,000 MWh/year 
(provided by Knud Jepsen A/S - Queen, Table 3).  
• 80% of the electricity consumption for the Commercial 
Greenhouse Growers are for artificial lighting 
 
 
• Months in the winter period are: November, December, 
January, and February 
• During winter time, the Commercial Greenhouse 
Growers use around 12 hours of artificial lighting 
• According to Table 3 (electricity consumption for Knud 
Jepsen A/S - Queen), the total yearly electricity 
consumption is: 8,991.34 MWh; and electricity 
consumption for November, December, January, and 
February is 6,367.57 MWh. Therefore, the electricity 
consumption in the winter period is 70% of the yearly 
electricity consumption 
• Commercial Greenhouse Growers can provide 1 hour of 
electricity consumption per day by using DynaLight 
NG. It means that Commercial Greenhouse Growers do 
not consume electricity for 1 hour/day. 1 month=30 
days, Therefore, H= 1 hour x 30 days= 30 hours 
A. Calculation 1: one Commercial Greenhouse Growers’ 
flexibility 
This calculation is based on the information from one of the 
biggest Commercial Greenhouse Growers, Knud Jepsen A/S - 
Queen, and only targets the winter time when artificial lighting 
is massively used by the Commercial Greenhouse Growers in 
Denmark.   
Definitions:  
• Flexibility of Commercial Greenhouse Growers (“A”, 
unit: MWh): the average electricity that one big 
Commercial Greenhouse Grower can consume per hour 
in the winter time 
• An extremely high up-regulating market price (“B”, 
unit: DKK/MWh): the commercial greenhouse growers 
are interested in the market value when the price in the 
up-regulating market price is extremely high. The 
commercial greenhouse growers can get high 
compensation for providing flexibility.  
• Periods of extreme high prices in a month (“C”): how 
many times the extreme prices appear in the up-
regulating market a month.  
• Flexibility value (“F”, unit: DKK): the flexibility value 
by one Commercial Greenhouse Grower to the 
imbalance errors per month 
Formulation: F = A x B x C 
Calculation references: 
Average A: for Knud Jepsen A/S - Queen, the electricity 
consumption in December is 1,747.79MWh. The electricity 
consumption for the artificial lighting is: 80% x 
1,747.79MWh= 1,398.23 MWh; there are 31 days in 
December, and 12 hours of artificial lighting used in a day. 
Therefore, the average electricity consumption per hour for 
Knud Jepsen A/S - Queen in December is: 1,398.23 
MWh/31/12=3.76MWh 
C: the extreme prices (≥ 200 DKK/MWh) appeared 26 
times in DK West and appeared 23 times in DK East.  
A Commercial Greenhouse Grower, can only participate in 
either the DK West or the DK East market based on 
its location. Therefore,  
Max C = 26 
Average B: the extreme up-regulating market price range 
(both DK1 and DK2) in December, 2015 is: 201.42 to 
2,000 DKK/MWh.  
The average B = (Σ all extreme prices in December, 
2015)/(the times the extreme prices appeared in 
December, 2015).  
Therefore,  
The average B = (12,021.36+15,653.39)/(26+23)=564.79 
DKK/MWh 
Therefore, 
F = A x B x C = (3.76MWh x 564.79 DKK/MWh x 26) = 
55,213.87 DKK 
 
Fig. 5. Distribution of electricity consumption by the Commercial 
Greenhouse Growers in Denmark compared to solar irradiance (Source: 
Danish Energy Association, DMI, 2008) 
B. Calculation 2: all Commercial Greenhouse Growers’ 
flexibility 
Definitions:  
H  =  flexibility hours/month 
F  =  electricity flexibility/month 
V.f  = flexibility value by Commercial Greenhouse 
Growers/month 
V.m = market monetary value/month 
M  = up regulating market electricity volume (DK West 
and DK East, MWh/h)  
E  = the electricity consumption for artificial 
lighting/hour in the winter for the Commercial 
Greenhouse Growers 
Calculation references: 
 
• There are 545 Commercial Greenhouse Growers in 
Denmark 
• The total electricity consumption of year 2014 = 831 
thousands GJ in 2014 [14] = 231,018 MWh 
E = 231,018 MWh x (80% for artificial lighting) x (70% 
for winter) / (4 months in the winter) / (30 days) / (12 
hours/day for artificial lighting) = 89.84 MWh 
F = E x H = 89.84 MWh x 30 hours = 2,695.2 MW 
M = Market volume (DK West + DK East) in December, 
2015 = (5,092.1 MW in DK West+ 2,207MW in DK 
East) = 7,299.1MW  
V.m = (2,573,201.99 DKK in DK West+ 1,723,968 DKK 
in DK East) = 4,297,170 DKK 
Therefore, 
V.f = V.m x (F/M) = 4,297,170 DKK x (2,695.2 /7,299.1) 
= 1,586,734.33 DKK 
VII. CONCLUSION  
This paper presents the potential and benefits for the 
commercial greenhouse growers to participate in up-regulating 
market by providing the energy flexibility of their use of 
artificial lighting.  
Based on the calculation results and discussion of the two 
business models, the possibility and feasibility of the 
commercial greenhouse growers’ participation in the electricity 
regulating market is noteworthy.  
The results indicate that the Danish commercial greenhouse 
growers in total can contribute around 1.6 million DKK in 
flexibility value/month (in the up-regulating market) in winter. 
Meanwhile the big Commercial Greenhouse Growers can get 
around 55,000 DKK/month by providing its electricity 
flexibility to the up-regulating market in winter. 
Although the Danish market size is small, with only 545 
Commercial Greenhouse Growers, there are other countries, 
e.g. Netherland, which have a larger number and size of 
commercial greenhouse growers. Hence, there are big market 
potential and monetary benefits by introducing solutions which 
enables commercial greenhouse growers to provide thier 
energy flexibility into the electricity market. 
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